
S
tabilization

oftokam
ak

plasm
a

by
lithium

stream
s

Leonid
E

.Z
akharov,

P
rinceton

U
niversity,P

rinceton
P

lasm
a

P
hysics

Laboratory

P
resented

to
A

P
S

2000
M

H
D

m
eeting

O
ctober

22,2000,Q
uebec,C

anada

������������	

 ������ ��
��������������������� �� �� �� !
" �#��# �

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
1



O
U

T
LIN

E

1.B
asics

ofliquid
lithium

M
H

D
.

2.F
low

pattern
ofm

agnetic
propulsion.

3.T
heory

ofstabilization.

4.F
low

locked
m

ode.

5.P
rospects

for
high

beta.

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
2



1
B

asics
ofliquid

lithium
M

H
D

T
here

3
m

agnetic
R

eynolds
num

bers
w

hich
controllithium

M
H

D
in

toka-
m

aks

dynam
ics$

%&('
) &+* ,-.

electro-dynam
ics $
%� '
) &/*0-.

dynam
ics$

%1 '
) &+*

0 1, -.

) &+*
2
3

4 56
78 19;:

<>=:=?

V

B
tor

B
perp

L

w

h
Lithium

 flow

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
3



1
B

asics
ofliquid

lithium
M

H
D

(cont.)

C
haracteristic

flow
param

eters:

-
@
AB 8C 56
7DE - 1A
2=
FHGI
8J .

K
@=L
D

K 1A) & @3F GI
8J .

K
@
M L
D

K 1A) & @=BBFHGI
8J :

<>=:A?

D
ynam

ic
pressure

losses
are

determ
ined

by%& and

%1

%& $
NE - 1A
@) & * ,- K 1OA) & .

%1 $
NE - 1A
@) & *
0 1, - N K 1PA) & .

) & *
2
3

4 56
78 19 :

<>=:Q?

M
agnetic

fields
from

the
currents

in
the

stream
are

determ
ined

by%�

%� $
KRST
UKVW @

) & *0- KO :

<>=:3?

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
4



1
B

asics
ofliquid

lithium
M

H
D

(cont.)

Lithium
“w

ater-falls”
are

incom
patible

atthe
basic

levelw
ith

the
tokam

ak
strong

toroidalfield

0 @
B :=
8.
,� 2
B :A8.
,1 2
Q 8.
-
X
A UMF 8C 56
7J .

%& @3,� -
@X =:Y.

%1 @3 0 1,1 -
@3 0,1 < 0-? 2
B :B =
UB :B AM :

<>=:M?

R
Z

r

P
lasm

a

e2
R

R
e2

e2

eo
R

R
e2

V
V

V
 ?

force
C

entrifugal

E - 1A
Z
%1 N K 1TR[A) &

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
5



1
B

asics
ofliquid

lithium
M

H
D

(cont.)

M
om

entum
driven

thin
w

alls
have

a
lotofunresolved

problem
s

in
lithium

M
H

D

0 @
B :B =
8.
,� 2
B :B A8.
,1 2
Q 8.
-
2
ABF 8C 56
7J .

%1 @3 0 1,1 -
2=:Q]\=B_^`:

<>=:Y?

r

P
lasm

a

eo
R

V
V

V

V
?

Z

C
entrifugal

force

%& @=:Y.
E - 1A
a
%& K 1b RcA) &

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
6



2
F

low
pattern

ofm
agnetic

propulsion

“R
otating”

liquid
lithium

w
alls

are
incom

patible
w

ith
tokam

aks.

B
tor

axis of symmetry

Toroidal  Field Coil T
F

C
I

B
tor

P
lasm

a

Lithium
 "rotating" w

alls

C
entrifugal force

C
entrifugal force

d

no
inlet/outlet

d

poloidal
rotation

dam
ps

aseE f
-fI

2
%1 K 1TR[A) &

d

toroidalrotation
is

im
pos-

sible
due

to
centrifugal

force.

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
7



2
F

low
pattern

ofm
agnetic

propulsion
(cont.)

M
agnetic

propulsion
m

akes
M

H
D

ofintense
lithium

stream
s

com
patible

w
ith

tokam
aks.

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

P
lasm

a

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
8



2
F

low
pattern

ofm
agnetic

propulsion
(cont.)

D
riving

pressureg hi
ccj RSTckT
X =GI
8.
g hi
ccj VWckT
Ug hi

ccj RSTckT
X =GI
8 :

< A:=?

F
low

param
eters

-
2
AB 8C 56
7.
0 2
B :B =
8.
%� @
B :l :

< A:A?

S
tream

are
robustly

stable
due

to
centrifugalforce

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V

V

V
stream

Li inlet
V

Li stream

Li stream
IT

F
C

Toroidal  Field Coil

axis of symmetry

P
otentially unstable

side of the lithium
stream

Enm - 1oA
X

GAe g hi
cc�p[

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
9



3
T

heory
ofstabilization

F
low

pattern
of

m
agnetic

propulsion
elim

inates
the

possibility
of

m
ode

locking
into

the
conducting

w
all(“R

otating”
w

alls
do

nothing).

T
he

theory
includes

an
arbitrary

geom
etry

ofthe
guide

w
all

) & qrh '
sEut
s v

wG

@
U v

xyzh
{| } v

x|zh
{y .

zh '
~h
<H�? 0<H�?� �
||.�
|| @
< ~h
? x1| }
<H�h
? x1| :

< Q :=?

Itlinks
the

electric
currentin

the
stream

s
w

ith
param

eters
w

hich
can

be
extracted

from
existing

num
ericalcodes

< D� U
Db ? ��< G? @

U� M �v:

< Q :A?

It
form

ulates
the

equation
for

electric
current

in
the

stream
s

and
leads

to
a

dispersion
relation

for
the

grow
th

rate

< D� U

Db ? �� @
) & 0*�< M

S ^
�M? �� }

�%�< M
S ^

�V
M? �� :

< Q :Q?

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
10



3
T

heory
ofstabilization

(cont.)

D
ispersion

relation
for

the
cylindricalcase

G N x� � � @
�[k�
� � � }
%��� < 8}
A�}
=?H���1�� � � �� 1�� �.

< Q :3?

w
here

�[k�
@) & *0G.
�1�� � @

A
��
< A�}
=? .

�1� @
B :

< Q :M?

T
here

is
coupling

w
ith

a
nearestsitelite

m
odes

and
then,w

ith
each

sec-
ond

satelite
m

ode.

T
hree

harm
onics

approxim
ation

im
m

ediately
show

s
the

stabilizing
effect

G N x� U�[k�
�

}
8< 8}
=? % 1�j ��j 1

G N x�� � U�[k�
� }

8< 8
U=? % 1�j ��j 1

G N x� ^
� U�[k�
�

@
B :

< Q :Y?

Italso
show

s
possibility

forthe
m

ode,w
hich

is
locked

into
one

ofstream
s.

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
11



4
F

low
locked

m
ode

R
esistive

w
allm

ode
is

w
ellaffected

by
the

flow
.

F
low

-locked
m

ode
determ

ines
lim

its
ofstabilization.

2
2.2

2.4
2.6

2.8
3

0 1 2 3

R
  =

0, R
W

M

w
all-locked m

ode
R

  =
2,

m

m

m
stream

-locked

S
tability gap

m
ode

R
  =

2,

Im
(γτ

res /3)R
e(γτres

/3)

γτ
res /3

q(a)

β
pol =

0

G N x�
U
�[k�
� }

8< 8}
=? % 1�j ��j 1

G N x�� � U�[k�
�

}

8< 8
U=? % 1�j ��j 1

G N x� ^
� U�[k�
�

@
B

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
12



4
F

low
locked

m
ode

(cont.)

C
om

parison
of3

harm
onics

vs
fullm

atrix
calculations.

2
2.2

2.4
2.6

2.8
3

0 1 2 3
γτres /3

β
pol =

0R
m

=
0

R
m

=
1

R
m

=
2

R
m

=
2

R
m

=
3

W
all-locked m

odes

S
tream

-locked

S
tream

-locked
m

ode, R
m

=
2

m
ode, R

m
=

3

q(a)

Im
(γτ

res )/3

R
e(γτ

res )/3

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
13



4
F

low
locked

m
ode

(cont.)

S
tability

gaps
are

insensitive
to

m
-num

ber.
F

inite

�

can
be

stabilized.

2
2.5

3
3.5

4

0 1 2 3

R
m

=
0

R
m

=
0

R
m

=
0

R
m

=
1

R
m

=
1

R
m

=
2

R
m

=
2

q(a)

stability gaps

γτ

γτ

res

res

/3

/m

γτ
res /4

β
pol =

0

2
2.5

3
3.5

4

0 1 2 3

R
m

=
0

R
m

=
0

R
m

=
0

R
m

=
1

R
m

=
1

R
m

=
2

R
m

=
2

q(a)

stability gaps

γτ

γτ

res

res

/3

/m

γτ
res /4 β

pol =
0.5

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
14



5
P

rospects
for

high
beta

Intense
lithium

stream
s

m
ove

the
conducting

w
allsurface

to
the

plasm
a

boundary.

T
his

w
ould

representthe
m

ajoreffecton
stability,allow

ing
feedback

sys-
tem

close
to

the
plasm

a
surface.

In
addition,the

stream
s

them
selves

contribute
to

M
H

D
stabilization.

In
com

biination
w

ith
an

expected
low

-recycling
regim

e
and

flattened
tem

perature
and

currentdensity
profile,this

w
ould

open
the

path
to

high
betas

even
in

circular
m

achines.

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
15


